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predetermined metal containing conductive layer provided
between the magnetoresistive effect element and the upper

conductive layer and containing a predetermined metal
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1
MAGNETIC MEMORY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional

Application No. 62/185,318, filed Jun. 26, 2013, the entire
contents of which are incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a mag-
netic memory device.

BACKGROUND

A magnetic memory device (semiconductor integrated
circuit device) 1 which a magnetoresistive effect element
and a transistor are integrated on the same semiconductor
substrate 1s proposed. In such a magnetic memory device, a
cap layer 1s generally provided on the magnetoresistive
cllect element.

Conventionally, however, a magnetic memory device
equipped with a sutliciently reliable cap layer has not been
necessarily achieved.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross-sectional view schematically showing a
structure of a magnetic memory device of a first embodi-
ment.

FIG. 2 1s a cross-sectional view schematically showing a
structure of a magnetoresistive eflect element, a cap layer
and the like of the magnetic memory device of the first
embodiment.

FIG. 3 1s a cross-sectional view schematically showing
part of a method of manufacturing the magnetic memory
device of the first embodiment.

FIG. 4 1s a cross-sectional view schematically showing
part of the method of manufacturing the magnetic memory
device of the first embodiment.

FIG. 5 1s a cross-sectional view schematically showing
part of the method of manufacturing the magnetic memory
device of the first embodiment.

FIG. 6 1s a cross-sectional view schematically showing a
structure ol a modified example of the magnetic memory
device of the first embodiment.

FIG. 7 15 a cross-sectional view schematically and mainly
showing a structure of a cap layer of a magnetic memory
device of a second embodiment.

FIG. 8 15 a cross-sectional view schematically and mainly
showing a structure of a cap layer of a magnetic memory
device of a modified example of the second embodiment.

FIG. 9 1s a cross-sectional view schematically and mainly
showing a structure of a cap layer of a magnetic memory
device of a third embodiment.

FIG. 10 1s a cross-sectional view schematically and
mainly showing a structure of a cap layer ol a magnetic
memory device of a first modified example of the third
embodiment.

FIG. 11 1s a cross-sectional view schematically and
mainly showing a structure of a cap layer ol a magnetic
memory device of a second modified example of the third
embodiment.

FIG. 12 1s a cross-sectional view schematically and
mainly showing a structure of a cap layer of a magnetic
memory device of a fourth embodiment.
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2
DETAILED DESCRIPTION

In general, according to one embodiment, a magnetic
memory device includes: a magnetoresistive eflect element;
and a first layer provided on the magnetoresistive eflect
clement, wherein the first layer includes: an upper conduc-
tive layer; and a predetermined metal containing conductive
layer provided between the magnetoresistive eflect element
and the upper conductive layer and containing a predeter-
mined metal selected {from Pt, Ir, Pd and Au.

Various embodiments will be described herematter with
reference to the accompanying drawings.

Embodiment 1

FIG. 1 1s a cross-sectional view schematically showing a
structure of a magnetic memory device (semiconductor
integrated circuit device) of a first embodiment.

A MOS ftransistor which functions as a select transistor for
selecting a magnetoresistive eflect element 1s formed 1n a
surface region of a semiconductor substrate 101. FIG. 1
shows source/drain regions 102 and a gate electrode (word
line) 103 of the MOS transistor.

An nterlayer msulating film 104 1s formed on the semi-
conductor substrate 101 on which the MOS {transistor 1s
formed. Contact plugs 105 and 106 are provided in the
interlayer insulating film 104. Contact plug 105 1s connected
to one of the source/drain regions 102 and contact plug 106
1s connected to the other of the source/drain regions 102.

A spin transier torque (STT) type magnetoresistive eflect
clement 110 1s provided on the interlayer insulating film 104.
The magnetoresistive eflect element 110 includes a first
magnetic layer (storage layer) 111 having variable magne-
tization, a second magnetic layer (reference layer) 112
having fixed magnetization and a nonmagnetic layer (tunnel
barrier layer) 113 provided between the first magnetic layer
111 and the second magnetic layer 112. The magnetoresis-
tive eflect element 110 1s connected to contact plug 1035. The
magnetoresistive eflect element 1s also called a magnetic
tunnel junction (MT1J) element.

When the direction of magnetization of the storage layer
111 1s parallel to that of the reference layer 112, the
magnetoresistive eflect element 110 shows a low-resistance
state. When the direction of magnetization of the storage
layer 111 1s antiparallel to that of the reference layer 112, the
magnetoresistive eflect element 110 shows a high-resistance
state. Therelore, the magnetoresistive eflect element 110 can
store binary information (O or 1) in accordance with the
resistance state (low-resistance state and high-resistance
state). The resistance state (low-resistance state and high-
resistance state) can be set 1n accordance with a direction of
a write current passing through the magnetoresistive eflect
clement 110.

A tungsten (W) layer 120 1s formed on the magnetore-
sistive eflect element 110. A cap layer (first layer) 130 1s
formed on the W layer 120. The cap layer 130 will be
described later 1n detail.

The magnetoresistive effect element 110, the W layer 120
and the cap layer 130 are covered with a protective isulat-
ing film 141. An interlayer insulating film 142 1s formed on
the protective mnsulating film 141. Contact plugs 143 and
144 are provided in the interlayer insulating film 142. One
end of contact plug 143 1s connected to the cap layer 130 and
the other end of contact plug 143 1s connected to a bit line
145. One end of contact plug 144 1s connected to contact
plug 106 and the other end of contact plug 144 1s connected
to a source line 146.
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FIG. 2 1s a cross-sectional view schematically showing a
structure of the magnetoresistive effect element 110, the cap
layer 130 and the like of the present embodiment.

As shown 1 FIG. 2, the cap layer 130 1s provided on the
magnetoresistive eflect element 110 with the tungsten (W)
layer 120 between.

The cap layer (first layer) 130 includes an upper conduc-
tive layer 131a, a predetermined metal containing conduc-

l

tive layer 1315 provided between the magnetoresistive effect
clement 110 and the upper conductive layer 131a, and a
lower conductive layer 131¢ provided between the magne-
toresistive ellect element 110 and the predetermined metal
containing conductive layer 1315.

The upper conductive layer 131a 1s formed of ruthentum
(Ru). The lower conductive layer 131c¢ 1s not limited, but 1s
formed of ruthenium (Ru) 1n the present embodiment. The
lower conductive layer 131¢ may be omitted.

The predetermined metal containing conductive layer

1315 contains a predetermined metal selected from platinum
(Pt), inndmum (Ir), palladium (Pd) and gold (Au). More
specifically, a Pt layer, an Ir layer, a Pd layer, an Au layer or
an Ir oxide layer 1s used for the predetermined metal
containing conductive layer 1315. These materials are supe-
rior in resistance to plasma gas, acid chemical solution and
alkali chemical solution. Pt, Pd and Au are resistant to
oxidizing. An oxide of Ir (Ir oxide) 1s conductive.

By thus providing the predetermined metal containing
conductive layer 1315 between the upper conductive layer
131a formed of Ru and the magnetoresistive effect element
110, the magnetoresistive effect element 110 can be pre-
vented from being exposed during the manufacturing pro-
cess as described below.

FIG. 3, FIG. 4 and FIG. § are cross-sectional views each
schematically showing part of a method of manufacturing
the magnetic memory device of the present embodiment.

First, as shown in FIG. 3, a magnetoresistive eflect
clement layer 110, a tungsten (W) layer 120 and a cap layer
130 are sequentially formed on an underlying region (not
shown) including a semiconductor substrate, a transistor and
the like. After that, a hard mask 150 1s formed on the cap
layer 130. The hard mask 150 1s formed of a tungsten (W)
layer 151 and a titanium nitride (T1N) layer 152.

Next, as shown 1n FIG. 4, a pattern of the magnetoresis-
tive eflect element 110 1s formed by etching the cap layer
130, the tungsten (W) layer 120 and the magnetoresistive
cllect element layer 110 by using the hard mask 150 as a
mask. Ion beam etching (IBE) or reactive 1on etching (RIE)
1s used for the etching. After the etching, the hard mask 150
1s removed and the upper surface of the cap layer 130 is
exposed.

Next, as shown 1n FIG. 5, a protective insulating film 141
which covers the magnetoresistive eflect element 110, the
tungsten (W) layer 120 and the cap layer 130 1s formed. A
s1licon nitride film or an aluminum oxide film 1s used for the
protective insulating film 141. An mterlayer isulating film
142 which covers the protective msulating film 141 1s
turther formed. A silicon oxide film or the like 1s used for the
interlayer insulating film 142. After planarizing the inter-
layer msulating {ilm 142, a contact hole 160 1s formed 1n the
protective msulating film 141 and the interlayer insulating
f1lm 142 by RIE using a resist pattern (not shown) as a mask.
The upper surface of the cap layer 130 1s thus exposed. After
that, the resist pattern 1s removed by ashing using gaseous
oxygen, and wet cleaning 1s further performed.

Then, a contact plug 143 1s formed 1n the contact hole

160. For contact plug 143, a W/TiN film, a Cu/Ta film or the
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4

like 1s used. The structure shown in FIG. 1 and FIG. 2 can
be achieved by further forming a bit line, a source line and
the like.

In the present embodiment, the upper conductive layer
131a 1s basically formed on the entire upper surface of the
predetermined metal containing conductive layer 1315 as
shown m FIG. 2. In the above manufacturing process,
however, there 1s a possibility that Ru used for the upper
conductive layer 131a 1s oxidized and part of the upper
conductive layer 131a 1s removed when removing the resist
pattern by ashing using gaseous oxygen. As a result, the
upper conductive layer 131a may be formed on part of the
upper surface of the predetermined metal containing con-
ductive layer 1315 as shown 1n FIG. 6. In such a case, 11 the
predetermined metal containing conductive layer 1315 1s not
provided under the upper conductive layer 131q, the mag-
netoresistive eflect element 110 may be damaged by a
chemical solution for wet cleaning when performing the wet
cleaning after the ashing.

In the present embodiment, the predetermined metal con-
tamning conductive layer 1315 superior in resistance to
plasma gas, acid chemical solution and alkali chemical
solution 1s provided between the magnetoresistive etlect
clement 110 and the upper conductive layer 131a. Therelore,
invasion of the chemical solution for wet cleaning can be
avoilded by the predetermined metal containing conductive
layer 1315 even 1f part of the upper conductive layer 131qa
1s removed.

In the above manufacturing process, part of the hard mask
150 may be left on the cap layer 130 when forming a pattern
of the magnetoresistive eflect element 110, etc., by using the
hard mask 150 as a mask. In such a case, W used for the hard
mask 150 may be oxidized and a W oxide may be formed,
which may increase contact resistance.

In the present embodiment, the predetermined metal con-
tamning conductive layer 1315 1s provided between the
magnetoresistive eflect element 110 and the upper conduc-
tive layer 131a. Therefore, the hard mask 150 can be
completely removed. If the hard mask 150 1s removed and
the upper conductive layer (Ru layer) 131a 1s exposed
during patterning (etching), part of the upper conductive
layer 131a 1s also etched. Therefore, the hard mask 150
should preferably be removed completely right before the
end of the patterning (etching). However, such etching
control 1s dithicult and part of the hard mask 150 may be left.
In the present embodiment, the predetermined metal con-
taining conductive layer 1315 1s provided under the upper
conductive layer 131a. Accordingly, no problem occurs 1f
the upper conductive layer 131a 1s somewhat etched. There-
fore, the hard mask 150 can be reliably removed and the
above problem can be avoided.

As described above, i the present embodiment, the
predetermined metal containing conductive layer 1315 1s
provided between the magnetoresistive effect element 110
and the upper conductive layer 131a. Therefore, the mag-
netoresistive effect element 110 can be reliably protected by
the predetermined metal containing conductive layer 1315
and a magnetic memory device equipped with a sufliciently
reliable cap layer can be achieved.

Pt, Ir, Pd and Au contained 1n the predetermined metal
containing conductive layer 1315 are precious metals and
are expensive. In the present embodiment, the predeter-
mined metal containing conductive layer 1315 1s used for
part of the cap layer. Therefore, the material cost can be

reduced.

Embodiment 2

Next, the second embodiment 1s described. Since the
basic structure and manufacturing method are similar to
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those of the first embodiment, the description of the matters
described in the first embodiment 1s omatted.

FIG. 7 15 a cross-sectional view schematically and mainly
showing a structure of a cap layer of a magnetic memory
device of the present embodiment.

Similarly to the first embodiment, a cap layer 130 1is
provided on a magnetoresistive eflect element 110 with a
tungsten (W) layer 120 between.

In the present embodiment, the cap layer (first layer) 130
includes a first crystal conductive layer 132a having a
crystal structure, an amorphous conductive layer 13256 pro-
vided between the magnetoresistive eflect element 110 and
the first crystal conductive layer 132a and having an amor-
phous structure, and a second crystal conductive layer 132¢
having a crystal structure and provided between the mag-
netoresistive effect element 110 and the amorphous conduc-
tive layer 1325b.

For example, Ru can be used for crystal conductive layers
132a and 132¢. The material of the predetermined metal
containing conductive layer 1315 described in the first
embodiment (1.¢., Pt, Ir, Pd, Au or Ir oxide) may also be used
for crystal conductive layer 1324 and 132¢. W or Ta may
also be used.

The amorphous conductive layer 1326 1s formed of an
amorphous metal described below.

As an amorphous metal for the amorphous conductive
layer 1325, an amorphous alloy formed of a transition metal
and a semimetal can be used. In this case, hatnium (H{f), iron
(Fe), palladium (Pd), molybdenum (Mo), zirconium (Zr) or
tantalum (Ta) 1s used as the transition metal. As the semi-
metal, phosphorus (P), boron (B), carbon (C), silicon (S1) or
germanium (Ge) 1s used. For example, an amorphous alloy
formed of about 80 at % transition metal and about 20 at %
semimetal can be used. HiB and FeB can be typically used
as the amorphous alloy.

In addition, an amorphous alloy formed of transition
metals can also be used as the amorphous metal for the
amorphous conductive layver 13256. In this case, a Cu—Z/r
alloy, an Fe—Z7r alloy, an Ni—Nb alloy, a Ti—N1 alloy or
the like can be used as the amorphous alloy.

In the present embodiment, damage to the magnetoresis-
tive ellect element 110 caused by a chemical solution and
ctching gas can be reduced by providing the amorphous
conductive layer 13256 between the magnetoresistive eflect
clement 110 and crystal conductive layer 132a. This point 1s
hereinaiter described 1n detail.

Since an Ru layer or the like used for the cap layer 130 has
a crystal structure, the magnetoresistive eflect element 110
may be damaged by a chemical solution and etching gas
invading through the crystal grain boundary 170. In the
present embodiment, the amorphous conductive layer 1325
without a crystal grain boundary 1s provided between the
magnetoresistive elfect element 110 and crystal conductive
layer 132a, invasion of the chemical solution and etching
gas can be avoided by the amorphous conductive layer 1325.

Therefore, according to the present embodiment, the
magnetoresistive eflect element 110 can be reliably pro-
tected by the amorphous conductive layer 1326 and a
magnetic memory device equipped with a sufliciently reli-
able cap layer can be achieved.

FIG. 8 15 a cross-sectional view schematically and mainly
showing a structure of a cap layer of a magnetic memory
device of a modified example of the present embodiment.

Crystal conductive layer 132¢ 1s provided between the
magnetoresistive eflect element 110 and the amorphous
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6

conductive layer 1326 1n the above-described embodiment,
but crystal conductive layer 132¢ 1s not provided in the
modified example.

The same eflect as the above-described embodiment can
be achieved even by using the structure of the modified
example.

Embodiment 3

Next, the third embodiment 1s described. Since the basic
structure and manufacturing method are similar to those of
the first and second embodiments, the description of the
matters described in the first and second embodiments 1s
omitted.

FIG. 9 15 a cross-sectional view schematically and mainly
showing a structure of a cap layer of a magnetic memory
device of the present embodiment.

Similarly to the first and second embodiments, a cap layer
130 1s provided on a magnetoresistive eflect element 110
with a tungsten (W) layer 120 between.

In the present embodiment, the cap layer 130 (first layer)
includes a first crystal conductive layer 133a having a
crystal structure, an amorphous conductive layer 1335 hav-
ing an amorphous structure, and a second crystal conductive
layer 133¢ having a crystal structure. In the example shown
in FIG. 9, the amorphous conductive layer 1335 1s provided
between the magnetoresistive effect element 110 and the first
crystal conductive layer 1334, and the second crystal con-
ductive layer 133¢ 1s provided between the magnetoresistive
cllect element 110 and the amorphous conductive layer
1335.

The amorphous conductive layer 1335 contains a main
clement 1dentical to that contained in crystal conductive
layers 133a and 133c¢. The main element i1s selected from
ruthentum (Ru), platinum (Pt), indium (Ir), palladium (Pd),
gold (Au), tungsten (W) and tantalum (Ta).

Crystal conductive layers 133aq and 133¢ are formed
mostly of the above element. More specifically, crystal
conductive layers 133a and 133¢ are formed of an Ru layver,
a Pt layer, an Ir layer, a Pd layer, an Au layer, a W layer, a
Ta layer or an Ir oxide layer.

The amorphous conductive layer 1335 1s formed by
forming a crystal conductive layer on the W layer 120 and
then introducing a predetermined 1on into part of the crystal
conductive layer by 1on implantation or IBE. That 1s, the
crystal structure of the crystal conductive layer 1s collapsed
by energy of the 1on implantation or IBE and the amorphous
conductive layer 1335 without a crystal grain boundary can
be achieved. Therefore, a basic constituent material of the
amorphous conductive layer 1335 1s the same as that of
crystal conductive layers 133a and 133¢. An element (pre-
determined 1on) used for the ion implantation or IBE 1s
generally a noble gas element such as argon (Ar). Therelore,
the amorphous conductive layer 1335 also contains the
noble gas element.

In the present embodiment, the amorphous conductive
layer 1335 without a crystal grain boundary 1s provided as
part of the cap layer 130. Accordingly, invasion of the
chemical solution and etching gas from the crystal grain
boundary 170 can be avoided by the amorphous conductive
layer 1335.

Therefore, according to the present embodiment, the
magnetoresistive eflect element 110 can be reliably pro-
tected by the amorphous conductive layer 1336 and a
magnetic memory device equipped with a sufliciently reli-
able cap layer can be achieved.
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FIG. 10 1s a cross-sectional view schematically and
mainly showing a structure of a cap layer ol a magnetic
memory device of the first modified example of the present
embodiment.

Crystal conductive layer 133¢ 1s provided between the
magnetoresistive eflect element 110 and the amorphous
conductive layer 1335 in the above-described embodiment,
but crystal conductive layer 133¢ 1s not provided in the
modified example.

The same eflect as the above-described embodiment can
be achieved even by using the structure of the first modified
example.

FIG. 11 1s a cross-sectional view schematically and
mainly showing a structure of a cap layer ol a magnetic
memory device ol the second modified example of the
present embodiment.

In the modified example, crystal conductive layer 1334 1s
provided between the magnetoresistive effect element 110
and the amorphous conductive layer 133b. That 1s, the
amorphous conductive layer 1335 1s provided as the upper-
most layer of the cap layer 130.

The same eflect as the above-described embodiment can
be achieved even by using the structure of the second
modified example.

Embodiment 4

Next, the fourth embodiment 1s described. The structure
of the present embodiment 1s based on a combination of the
structure of the first embodiment and the structure of the
second embodiment, or a combination of the structure of the
first embodiment and the structure of the third embodiment.
Since the basic structure and manufacturing method are
similar to those of the first, second and third embodiments,
the description of the matters described 1n the first, second
and third embodiments 1s omitted.

FIG. 12 1s a cross-sectional view schematically and
mainly showing a structure of a cap layer ol a magnetic
memory device of the present embodiment.

Similarly to the first, second and third embodiments, a cap
layer 130 1s provided on a magnetoresistive eflect element
110 with a tungsten (W) layer 120 between.

In the present embodiment, the cap layer 130 includes an
upper conductive layer 134a, a predetermined metal con-
taining conductive layer 1345, a lower conductive layer
134¢ and an amorphous conductive layer 1344d. The upper
conductive layer 134a, the predetermined metal containing
conductive layer 1346 and the lower conductive layer 134c¢
correspond to the upper conductive layer 131a, the prede-
termined metal containing conductive layer 1315 and the
lower conductive layer 131c¢ of the first embodiment, respec-
tively. The amorphous conductive layer 134d corresponds to
the amorphous conductive layer 1325 of the second embodi-
ment or the amorphous conductive layer 1335 of the third
embodiment. In the example shown 1 FIG. 12, the amor-
phous conductive layer 1344 1s provided between the pre-
determined metal containing conductive layer 1345 and the
lower conductive layer 134¢. However, the amorphous con-
ductive layer 1344 may be provided 1n an arbitrary position
in the cap layer 130.

According to the present embodiment, the same eflect as
the first, second and third embodiments can be achieved and
a magnetic memory device equipped with a sufliciently
reliable cap layer can be achieved.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
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and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied 1n a variety of other forms; furthermore, various
omissions, substitutions and changes 1n the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the inventions.

What 1s claimed 1s:

1. A magnetic memory device comprising:

a magnetoresistive eflect element; and

a first layer provided on the magnetoresistive eflect ele-
ment,

wherein the first layer comprises:

a first crystal conductive layer having a crystal struc-

fure;

an amorphous conductive layer provided between the

magnetoresistive eflect element and the {first crystal
conductive layer and having an amorphous structure;
and

a second crystal conductive layer having a crystal

structure and provided between the magnetoresistive
ellect element and the amorphous conductive layer.

2. The device of claim 1, wherein the amorphous con-
ductive layer 1s formed of an amorphous alloy of a transition
metal and a semimetal or an amorphous alloy of transition
metals.

3. The device of claim 1, wherein the magnetoresistive
cllect element comprises a {first magnetic layer having
variable magnetization, a second magnetic layer having
fixed magnetization, and a nonmagnetic layer provided
between the first magnetic layer and the second magnetic
layer.

4. A magnetic memory device comprising;

a magnetoresistive effect element; and

a first layer provided on the magnetoresistive eflect ele-

ment,

wherein the first layer comprises:

a lirst crystal conductive layer having a crystal struc-
ture; and

an amorphous conductive layer which 1s a nonmagnetic
layer, said amorphous conductive layer containing a
main element 1dentical to a main element contained
in the first crystal conductive layer and having an
amorphous structure,

wherein the amorphous conductive layer 1s provided

between the magnetoresistive eflect element and the
first crystal conductive layer, and

wherein the first layer further comprises a second crystal

conductive layer having a crystal structure and pro-
vided between the magnetoresistive eflect element and
the amorphous conductive layer.

5. The device of claim 4, wherein the main element 1s
selected from Ru, Pt, Ir, Pd, Au, W and Ta.

6. The device of claim 4, wherein the amorphous con-
ductive layer contains a noble gas element.

7. The device of claim 4, wherein the magnetoresistive
cllect element comprises a {first magnetic layer having
variable magnetization, a second magnetic layer having
fixed magnetization, and a nonmagnetic layer provided
between the first magnetic layer and the second magnetic

layer.
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